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Bai et al. present the first crystal structure
of a 4,6-a-glucanotransferase, explaining
their mode of action and detailing the
structural changes accompanying the
proposed evolution of glycoside
hydrolase family 70 (GH70)
glucansucrases from starch-acting GH13
amylases in oral bacteria, supported by
genomic and phylogenetic studies.
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Food processing and refining has dramatically
changed the human diet, but little is known about
whether this affected the evolution of enzymes
in human microbiota. We present evidence that
glycoside hydrolase family 70 (GH70) glucansu-
crases from lactobacilli, synthesizing a-glucan-
type extracellular polysaccharides from sucrose,
likely evolved from GH13 starch-acting a-amylases,
via GH70 4,6-a-glucanotransferases. The crystal
structure of a 4,6-a-glucanotransferase explains
the mode of action and unique product specificity
of these enzymes. While the a-amylase substrate-
binding scaffold is retained, active-site loops
adapted to favor transglycosylation over hydrolysis;
the structure also gives clues as to how 4,6-
a-glucanotransferases may have evolved further to-
ward sucrose utilization instead of starch. Further
supported by genomic, phylogenetic, and in vivo
studies, we propose that dietary changes involving
starch (and starch derivatives) and sucrose intake
were critical factors during the evolution of 4,6-
a-GTs and glucansucrases from a-amylases, allow-
ing oral bacteria to produce extracellular polymers
that contribute to biofilm formation from different
substrates.
INTRODUCTION
Lactobacillus and Streptococcus are key plaque-forming
oral bacteria that ferment dietary carbohydrates in the oral
cavity, thereby producing acids that dissolve calcium phos-
phate in the tooth enamel. They synthesize long-chain,
branched polymers containing repeating units of sugars or
sugar derivatives. These extracellular polysaccharides (EPS)
are largely undegradable by a-amylases (Carlsson et al.,
1975; Leemhuis et al., 2013b), and form a protective layeraround the bacteria and facilitate biofilm formation, promoting
adhesion of the bacteria to the tooth enamel (Flemming and
Wingender, 2010; Koo et al., 2010; Xiao et al., 2012). The
EPS are thus an important causative factor for the develop-
ment of dental caries (Koo et al., 2013) and, as a conse-
quence, the presence of sucrose in many kinds of food
contributes to a worldwide health problem (Paes Leme
et al., 2006). However, sucrose is only a rather recent addition
to the human diet, with starch from staple foods still being
the major source of carbohydrates (Yudkin, 1967). This raises
the question of whether oral bacteria also use starch or
starch-derived oligosaccharides instead of sucrose for poly-
saccharide production.
The sucrose-derived EPS are synthesized by glucansu-
crases (GSs) (Leemhuis et al., 2013a) that are classified
in glycoside hydrolase family 70 (GH70; www.cazy.org;
Lombard et al., 2014), but share sequence homology with
a-amylases of GH13, which mainly hydrolyze starch and
starch-derived oligosaccharides. The core domains of GSs
and a-amylases have similar folds, but the GSs have a
circularly permuted (b/a)8 barrel in the catalytic domain, and
contain additional N- and C-terminal domains that are absent
in a-amylases (Leemhuis et al., 2013a; Vujicic-Zagar et al.,
2010). It has been proposed that this domain organization of
GSs evolved from an ancestral a-amylase via gene duplica-
tion, truncation, and domain insertion events (Vujicic-Zagar
et al., 2010). However, little is known about how GSs would
have evolved from a-amylases to be able to synthesize EPS
from sucrose.
Recently, several GH70 enzymes were identified in Lacto-
bacillus species that, instead of acting on sucrose, utilize
starch-derived oligosaccharides as substrates, and synthesize
a-glucans with a high degree of a-1,6-linkages (Kralj et al.,
2011; Dobruchowska et al., 2012; Leemhuis et al., 2014; Bai
et al., 2015, 2016a). Thus, the activity of these 4,6-a-glucano-
transferase enzymes (4,6-a-GTs) has characteristics of both
a-amylases and GSs. The 4,6-a-GTs share 45%–50% sequence
identity with GSs, but form a phylogenetically distinct GH70
subfamily with clear amino acid differences and distinctive inser-
tions/deletions in some of the loops in the core domains (Kralj
et al., 2011; Leemhuis et al., 2013a).Structure 25, 231–242, February 7, 2017 ª 2016 Elsevier Ltd. 231
Table 1. Crystallographic Data
Native (Wild-Type) Maltohexaose Soak (Wild-Type) Maltopentaose Soak (D1015N)
PDB entry 5JBD 5JBE 5JBF
Data Collection
Space group C 2 C 2 C 2
Cell dimensions
a, b, c (A˚)
219.2, 57.9, 150.7 220.4, 58.3, 151.4 219.5, 58.1, 150.4
b () 114.7 114.3 114.4
Resolution (A˚) 136.8–1.80 (1.83–1.80) 138.1–2.10 (2.14–2.10) 138.0–2.19 (2.23–2.19)
Rmerge (%) 0.080 (0.808) 0.126 (0.818) 0.061 (0.354)
<I/s> 10.2 (2.0) 7.7 (2.1) 8.2 (2.2)
Completeness (%)a 99.3 (97.1) 99.2 (98.9) 90.2 (90.5)
Redundancya 4.3 (4.3) 4.0 (3.7) 2.2 (2.2)
Refinement
Resolution (A˚) 45.8–1.80 (1.83–1.80) 46.2–2.10 (2.14–2.10) 48.0–2.19 (2.23–2.19)
Unique observationsa 15,308 (7,585) 102,167 (4,956) 80,800 (4,647)
R/Rfree 0.187/0.216 0.208/0.239 0.199/0.242
No. of atoms
Protein 13,415 13,356 13,356
Ca2+/waters 2/1283 2/623 2/703
Carbohydrate ligands – 64-a-D-glucosyl-maltotetraose
(2), maltose (1), glucose (1)
maltopentaose (2),
maltotriose (1), maltose (4)
Other ligand molecules acetate (5), sulfate (4), glycerol
(9), triethylene glycol (1)
acetate (6), sulfate (4) sulfate (5)
B factors
Protein (A˚2) 33.3 39.0 42.4





Bond lengths (A˚) 0.0086 0.0075 0.0075
Bond angles () 1.17 1.13 1.21
Ramachandran
Favored (%) 97.7 97.5 96.6
Allowed (%) 2.0 2.3 3.2
Outliers (%) 0.2 0.1 0.2
aIn highest shell: between brackets.Here we provide biochemical, 3D structural, genomic, and
phylogenetic data for a 4,6-a-glucanotransferase from Lactoba-
cillus reuteri 121 (GtfB) that support a, probably diet-driven, evo-
lution from a maltooligosaccharide-processing a-amylase to
present-day GSs, via a 4,6-a-GT-like intermediate.
RESULTS
Overall Structure
The 1.80-A˚ resolution crystal structure (Table 1) of the core of the
4,6-a-glucanotransferase GtfB from L. reuteri 121 (GtfB-DNDV,
residues 762-1619-His6) revealed that each of the two GtfB-
DNDVmolecules in the asymmetric unit comprises the glucansu-
crase-like domains A, B, C, and IV (Figure 1A), with very similar
structures to those of other GH70 enzymes (Vujicic-Zagar
et al., 2010; Ito et al., 2011; Pijning et al., 2012; Brison et al.,
2012). In dynamic light-scattering measurements, GtfB-DNDV232 Structure 25, 231–242, February 7, 2017behaves as an 85-kDa particle, showing that the enzyme is
monomeric in solution (see Supplemental Experimental Proced-
ures). The location of the N terminus, at the protein surface
of GtfB-DNDV and fully solvent accessible, suggests that the
additional N-terminal domain can be accommodated without
affecting the structure of the core of the protein. The polypeptide
chain follows a ‘‘U-course’’ (Vujicic-Zagar et al., 2010), forming
first the N-terminal halves of domains IV, B, and A, then the
complete C domain, and finally the C-terminal halves of domains
A, B, and IV (Figure 1A). Thus, as in other GH70 enzymes, the
(b/a)8 barrel of the catalytic domain A is circularly permuted,
and the order of the four conserved sequence motifs (II-III-IV-I)
in the amino acid sequence differs from GH13 a-amylases. At
the interface of the A and B domains, several residues that are
strictly conserved in GH13 and GH70 enzymes surround a
pocket that harbors subsites 1 and +1 of the active site (see
below; subsite nomenclature according to Davies et al., 1997).
Figure 1. Crystal Structure of GtfB-DNDV
Compared with a-Amylases and Glucan-
sucrases
(A) Crystal structure of GtfB-DNDV showing the
two molecules in the asymmetric unit. From the
N-terminal residue (Nt) the polypeptide forms
the N-terminal segments of domains IV (yellow), B
(green), and A (blue), then domain C (purple) and
the C-terminal segments of domains A, B, and IV
toward the C-terminal residue (Ct).
(B) Arrangement of loops A1, A2, and B around the
active site of GH13 a-amylases (left), 4,6-a-glu-
canotransferases (middle), and GH70 glucansu-
crases (right), at the interface of the catalytic
domain A (blue) and domain B (green). Looking
down the (b/a)8 barrel, acceptor subsites are on the
left and donor subsites on the right; catalytic
residues are shown as sticks. Structures used
are Bacillus licheniformis a-amylase (PDB: 1BLI;
Machius et al., 1998), GtfB-DNDV (this work), and
Lactobacillus reuteri 180 Gtf180-DN (PDB: 3KLK;
Vujicic-Zagar et al., 2010).Active-Site Architecture: Comparison with a-Amylases
and Glucansucrases
GtfB-DNDV shows structural similarity to both GH13 a-amylases
and GH70 glucansucrases. Yet important differences are pre-
sent in the arrangement of three loops near the active site (Fig-
ure 1B); sequence alignments of the regions containing these
loops (Figure 2A) show that they are unique to 4,6-a-GTs and
more conserved than within GSs.
Regarding GH13 a-amylases, the A + B domains of GtfB-
DNDV are most similar to the A + B domains of the a-amylase
from Bacillus licheniformis (Machius et al., 1998) (root-mean-
square deviation [rmsd] of 2.10 A˚). At the interface between
these domains, both enzymes have a long groove which makes
a bend near the active-site pocket. Two loops in GtfB-DNDV,
which have no equivalent in a-amylases, fold over the donor
side of the binding groove and create a tunnel-like structure (Fig-
ures 1B and 3). First, ‘‘loop A1’’ (residues 1,139–1,151) in the he-
lix-loop-helix subdomain inserted between strand b4 and helix
a5 forms a large protrusion toward domain B. Adjacent to loop
A1, a long loop containing residues 905–924 (‘‘loop B’’) folds
over the groove from the opposite direction. A third loop, con-
necting strand b7 and helix a8 of the (b/a)8 barrel (‘‘loop A2,’’ res-
idues 1,430–1,440) lies below loops A1 and B.
The structurally closest glucansucrase homolog of GtfB-
DNDV is GTF180-DN from L. reuteri 180 (Vujicic-Zagar et al.,
2010); their A + B domains can be superimposed with an rmsd
of 0.84 A˚. Notable differences exist at the donor subsites. The
tunnel-forming loops A1 and B of GtfB-DNDV are longer than
their GTF180-DN counterparts and create a less open arrange-
ment compared with GSs. Notably, loop A2 of GtfB-DNDV at
the base of the tunnel is shorter than the equivalent loop in
GTF180-DN, lacks a short a helix, and does not block access
to donor subsites beyond 1.
The catalytic subsite1 of GtfB-DNDV is very similar to that of
a-amylases and GSs; six of the seven conserved GH13 residuesare present (the three catalytic residues D1015, E1053, and
D1125, as well as residues R1013, H1124, and D1479); the
seventh residue, a histidine, is replaced by a glutamine (Q1484)
as in GSs (Figure 4).
On the other hand, sequence alignment of motifs I, III, and IV
(Figure 2B) shows that the 4,6-a-GTs form a highly conserved
and separate group; regarding subsite +1, there are a few
notable differences with GSs. For example, a tyrosine residue
(Y1055 in motif III) replaces the tryptophan residue found in
almost all glucansucrases; although it may provide an aromatic
stacking interaction with glucosyl units as in GS structures
(Vujicic-Zagar et al., 2010; Ito et al., 2011), it cannot provide a
hydrogen bond to sugar units in subsite +1. Moreover, residue
K1128 replaces the conserved glutamine residue of GSs in motif
IV. The importance of these residues for enzyme activity and
specificity is shown by site-directed mutagenesis experiments;
mutation of Y1055 or K1128 greatly affected the ability of the
enzyme to synthesize polymers, and/or its a-1,6 transglycosyla-
tion activity (Table S1; Figures S1 and S2, related to Figure 4A).
Whereas wild-type GtfB 4,6-a-glucanotransferase activity re-
sults in the conversion of amylose to isomalto-/maltopolysac-
charides with a relatively high percentage of a-1,6 linkages,
Y1055G and K1128 mutants mainly displayed endo-a-1,4-
glycosidase activity and hydrolyzed the amylose polymer to mal-
tooligosaccharides. Finally, residues from domain B (e.g., L971,
V972) cause one side of subsite +1 to be somewhat wider in
GtfB-DNDV (Figure 4A).
Interaction with Oligosaccharides
Soaking experiments with crystals of wild-type enzyme and the
inactive D1015N mutant, and a range of glucooligosaccharides
(degree of polymerization [DP] DP2–DP7) resulted in binding
of oligosaccharides in the donor subsites (1, 2, etc.), but
never in the acceptor subsites (+1, +2 etc.). Maltopentaose
(G5) binds in subsites 1 to 5 with its reducing end inStructure 25, 231–242, February 7, 2017 233
Figure 2. Sequence Alignment of 4,6-a-Glucanotransferase, Glucansucrases, and a-Amylases
Alignments were made using ESPript v3.0 (Robert and Gouet, 2014). Numbering corresponds to the sequences of LrGtfB and BlAMY.
(A) Loop regions around the active site: loops A1, A2 and B (gray shading); a-amylases (a-Amyl) were aligned only for loop A2 since these enzymes do not have an
equivalent to loops A1 and B.
(B) Conserved motifs I–IV, and the region containing helix a4. The seven conserved a-amylase superfamily residues are indicated (arrowheads), including the
catalytic residues (Nuc, nucleophile; A/B, general acid/base; TS stab, transition state stabilizing residue). Other residues near subsites 1 and +1 are indicated
(asterisks).
4,6-a-Glucanotransferases (4,6-a-GT): LrGTFB, L. reuteri 121 GtfB; LrGTFML4, L. reuteri ML1 GtfML4; LrGTFW, L. reuteri DSM 20016 GtfW. Glucansucrases
(GS): LrGTF180, L. reuteri 180 Gtf180; LrGTFA, L. reuteri 121 GtfA; LrGTFO, L. reuteri ATCC 55730 GtfO; LrGTFML1, L. reuteri ML1 GtfML1; SmGTF-SI,
Streptococcus mutans Gtf-SI; LmDSRE, Leuconostoc mesenteroides NRRL B-1299 DSRE. a-Amylases: BlAMY, Bacillus licheniformis a-amylase; BhAMY,
Bacillus halmapalus a-amylase; GsAMY, Geobacillus stearothermophilus a-amylase; BsAMY, Bacillus subtilis KSM-K38 a-amylase.subsite 1 (Figures 3A, 3B, S3A, and S4A) in a similar way as
in ligand-bound a-amylase structures (e.g., a-amylase from
B. licheniformis [Machius et al., 1998]). Most of the ligand-protein
interactions are observed in subsites 1, 2, and 3; in partic-
ular, the reducing end glucosyl unit bound in subsite 1 has
numerous hydrogen-bonding interactions with the conserved
GH13/GH70 residues. In other donor subsites, residues from
loops A1 and A2 (subsites 2, 3) and from loops in domain B
(subsites 4, 5) provide most of the direct or water-mediated
hydrogen-bonding interactions to the bound substrate. Notably,
loops A1 and B shield subsites 2 and 3 from the solvent.
In contrast, soaking of wild-type GtfB-DNDV crystals with
maltohexaose (G6) yielded a pentasaccharide bound in sub-
sites 2 to 6 (Figures 3C, 3D, S3B, and S4B). Interestingly,
the non-reducing end glucosyl unit of the oligosaccharide
bound in subsite 6 is a-1,6-linked, probably arising from
a transglycosylation event; it has a stacking interaction with
Y1521, a residue which is conserved in all 4,6-a-GTs. In sub-
site1, some positive electron density is visible, but not enough
to convincingly model a complete glucosyl unit. These results
show that the enzyme exhibits a-1,6-transferase activity under
the soaking conditions.
To investigate donor substrate binding in positive subsites, we
superimposed a G5 bound in subsites 3 to +2 of B. subtilis234 Structure 25, 231–242, February 7, 2017a-amylase (Fujimoto et al., 1998) on the G5 bound in GtfB-
DNDV. The glucosyl moiety in subsite 1 superimposed almost
perfectly, while those in subsites +1 and +2 needed only minor
adjustments of glycosidic torsion angles to avoid clashes in
GtfB-DNDV (Figure 5A). Thus, maltooligosaccharide donor sub-
strates likely bind in GtfB-DNDV in a similar way as in a-amy-
lases. To model acceptor binding, we constructed a covalent
glucosyl-enzyme intermediate based on the experimentally
observed structure of a cyclodextrin glycosyltransferase cova-
lent intermediate (Uitdehaag et al., 1999). Subsequent manual
docking of panose (O-a-D-glucopyranosyl-(1,6)-O-a-D-gluco-
pyranosyl-(1,4)-D-glucose) in subsites +1 to +3 resulted in a pro-
ductive orientation, with the non-reducing end 6-OH group
pointing toward the anomeric C1 atom of the covalently linked
glucosyl intermediate (Figure 5B). Residues possibly interacting
with panose include N1019, E1053 (the catalytic acid/base),
Y1055, Y1079, and N1129. Superposition of the donor and
acceptor binding models (Figure 5C) shows that, with respect
to the ‘‘canonical’’ a-amylase-like donormode, the non-reducing
end glucosyl of an acceptor in subsite +1 is rotated and slightly
shifted to favor a-1,6-transglycosylation. Residues likely inter-
acting with this glucosyl unit, N1019 and E1053 (the catalytic
acid/base), are fully conserved among characterized 4,6-
a-GTs and GSs (Figure 2B).
Figure 3. Binding of Oligosaccharides in the
Tunnel at the Donor Side of GtfB-DNDV
Binding of oligosaccharides: maltopentaose in
subsites 1 to 5 of GtfB-DNDV D1015N (A and
C), and a mixed isomalto-/maltooligosaccharide
transglycosylation product (64-a-D-glucosyl-mal-
totetraose) in subsites 2 to 6 of GtfB-DNDV
(B and D). The a-1,6-linkage at the non-reducing
end of 64-a-D-glucosyl-maltotetraose is indicated
(asterisk).
(A andB) The tunnel is covered by loops A1 (purple)
and loop B (brown) at subsites 2 and 3. The
catalytic residues are indicated as well as residue
Y1521.
(C and D) Protein is represented as surface rep-
resentation with domain colored as in Figure 1. The
remote carbohydrate-binding site in domain IV
(residues W790 and W811) at the extension of the
donor sites as indicated by the dotted line has a
maltose or glucose bound, respectively.
See also Figures S3 and S4.Mechanism and Mode of Action of GtfB in Comparison
with a-Amylase and Glucansucrase
The first step in the 4,6-a-GT reaction is donor substrate binding
across the cleavage site. Modeling a maltooligosaccharide in
GtfB-DNDV by superposition with an a-amylase (see above)
showed that the bindingmodes likely are very similar (Figure 5A),
such that maltooligosaccharides can enter the tunnel and
occupy multiple donor subsites (Figure 6). All our soaking exper-
iments revealed oligosaccharides occupying multiple donor
subsites, suggesting that the affinity for donor subsites is higher
than for acceptor subsites. The presence of loops A1 and B,
unique to 4,6-a-GTs, likely contributes to a higher affinity at
donor subsites beyond1 than in a-amylases by shielding these
subsites from the solvent. Moreover, several residues from loop
A2 that are different in a-amylases provide interactions to the
bound maltooligosaccharides (Figure S3, related to Figure 3).
After binding, donor substrates are cleaved; incubation of
GtfB-DNwith a blocked substrate (Figure S5, related to Figure 6)
shows that the enzyme can act not only exo- but also endolyti-
cally. The general acid/base (E1053) attacks the glycosidic
bond between subsites1 and +1, and the catalytic nucleophile
(D1015) attacks the C1 of the glucosyl moiety in subsite 1, re-
sulting in formation of a covalent intermediate with this residue.
Given the high conservation of subsite1, this covalent interme-
diate will have a similar conformation as in a-amylases and
glucansucrases.
The subsequent step is either hydrolysis or transglycosylation.
In the case of hydrolysis, an acceptor water molecule attacks theScovalent intermediate at its C1 atom.
Alternatively, if the acceptor substrate is
a sugar moiety, transglycosylation takes
place. Linkage type specificity is gov-
erned by the orientation of the incoming
acceptor substrate, which in turn is deter-
mined by residues surrounding positive
subsites. While GSs have different linkage
specificities (a-1,2, a-1,3, a-1,4, or a-1,6)
and a-amylases only display a-1,4 speci-ficity, the 4,6-a-GTs prefer the formation of a-1,6 linkages in the
second half reaction. Investigating acceptor binding in GtfB-
DNDV by modeling panose (a better acceptor substrate than
maltotriose, see Bai et al., 2016b) showed that this trisaccharide
is able to bind in a productive orientation in subsites +1 to +3 for
the formation of an a-1,6 glycosidic linkage with the covalent in-
termediate (Figure 5B). At subsite +1, residues E1053 (motif III,
the catalytic acid/base), N1019 (motif II), and L971 (domain B)
seemcritical for the orientation of the glucosyl unit. At subsites +2
and +3, residues (N1129 in motif IV and Y1079 in helix a4) may
help orient the acceptor, while residue Y1055 (motif III) may pro-
vide a non-specific hydrophobic stacking platform at subsite +2,
similar to the corresponding tryptophan residue in GSs. Some of
these residues (N1129, Y1055, and Y1079) are specific to and
conserved in 4,6-a-GTs (Figure 2B), and thus may contribute
to the a-1,6-transglycosylation specificity.
Transglycosylation products are mixed isomalto-/maltooligo-
saccharides, which may diffuse out of the active site; however,
the observation of a transglycosylation product bound at sub-
sites 2 to 6 from soaking wild-type GtfB-DNDV crystals with
G6 (Figures 3C and 3D) shows that it is possible that after a single
transglycosylation step the product can shift along the binding
groove in the donor direction, in this case by five positions.
Such a shift can, after formation of the a-1,6-linkage, position
transglycosylation products such that the preference of sub-
sites 1 and +1 for an a-1,4 linked maltosyl section is met,
thus facilitating the next cleavage event. Indeed, mixed iso-
malto-/maltooligosaccharides such as those shown in Figure S6tructure 25, 231–242, February 7, 2017 235
Figure 4. Active-Site Comparison of a 4,6-
a-GT and a GS
(A and B) Comparison of L. reuteri 121 GtfB-DNDV
(this work; molecule A of the asymmetric unit is
shown, A) with the L. reuteri 180 Gtf180-DN - su-
crose complex (B) (Vujicic-Zagar et al., 2010).
Blue represents domain A and green represents
domain B. Catalytic residues are underlined. In
Gtf180-DN, the fructosyl moiety in subsite +1 has
hydrogen bond interactions (red dotted lines) with
residues Q1140 and W1065 and, via a water-
mediated hydrogen bond network, with residues
N1411 and D1458. In GtfB-DNDV, the corre-
sponding residues are K1128, Y1055, and L1390,
but the fourth residue is absent; moreover, the side
chains of Y1055 and L1390 are unable to make
hydrogen bonds. Finally, differences in residues of
domain B cause the active-site pocket to be wider
in GtfB-DNDV. See also Figure S6.(related to Figure 6) are processed by GtfB-DN, which is only
possible if they occupy multiple donor subsites. This is in agree-
ment with earlier conclusions that the enzyme becomes a better
transglycosylase after the first transglycosylation products have
been formed (Leemhuis et al., 2013b). Thus, first transglycosy-
lation products can undergo a next reaction cycle (Figure 6,
panel II); if they stay bound to the enzyme before doing so, this
would represent a processive mode of action in 4,6-a-GTs. In
any case, the reaction scheme proposed here explains all
of the oligosaccharides observed upon incubation of GtfB with
different maltooligosaccharides (Dobruchowska et al., 2012;
Leemhuis et al., 2013b).
The soaking experiments also revealed three additional carbo-
hydrate-binding sites remote from the active site. One site is near
W790 and W811 in domain IV, and lies more or less in line withFigure 5. Donor and Acceptor Substrate Binding in GtfB-DNDV
(A) Model for donor substrate binding in GtfB-DNDV across the cleavage site: ma
maltopentaose-bound crystal structure. The maltopentaose bound in subsites 
representation with purple carbon atoms. Putative hydrogen bond interactions (
indicated; residue Y1055 may provide a hydrophobic stacking interactions at su
(B) View (from a different angle) of the model for acceptor substrate binding; pano
enzyme intermediatemodel of GtfB-DNDV (cyan carbon atoms). In this orientation
atom of the covalent intermediate to form an a-1,6 glycosidic linkage.
(C) Superposition of the models in (A) and (B), bound in a donor situation (mage
atoms, orange hydrogen bonds), highlighting the rotation and shift of the glucos
236 Structure 25, 231–242, February 7, 2017the donor tunnel at a distance of about two or three glucosyl units
(16 A˚) from subsite 6 (Figures 3B and 3D). Soaking of GtfB-
DNDV crystals with different maltooligosaccharides frequently
showed electron density for bound carbohydrates at this
site. Notably, the W790/W811 tryptophan pair is unique to
and conserved in 4,6-a-GTs. The other remote sites are in
domain A, near the b6-a7 and b7-a8 loops, and near helices
a2 and a3. The bound saccharides make only a few interactions
with the protein; the interacting residues are not conserved in
4,6-a-GTs.
Genomic and Phylogenetic Analysis
Querying the NCBI database with the L. reuteri 121 GtfB
sequence yielded 47 putative 4,6-a-GTs (identity >50%), mostly
in Lactobacillus strains. Genomic mapping of fully or partiallyltoheptaose (magenta carbon atoms) bound in subsites5 to +2, based on the
3 to +2 of B. subtilis a-amylase (Fujimoto et al., 1998) is shown in a wire-frame
dotted lines) with the modeled maltoheptaose in subsites 1, +1, and +2 are
bsite +2. At the reducing end there is space for more sugar units.
se (yellow carbon atoms) is bound in subsites +1 to +3 of the covalent glucosyl-
, the O6 atom of the non-reducing end glucosyl unit of panose can attack the C1
nta carbon atoms and hydrogen bonds) or acceptor situation (yellow carbon
yl unit in subsite +1 (stick representation).
Figure 6. Proposed Reaction Pathways of 4,6-a-GTs
R, reducing end; NR, non-reducing end; four of the six donor subsites are
indicated, of which subsites2 and 3 are in the tunnel. Newly formed bonds
are indicated with thicker lines. Binding of maltooligosaccharide donor sub-
strates (panel I) involves a single subsite, or multiple ones (gray units) in the
tunnel, yielding mixed isomalto-/maltooligosaccharide transglycosylation
products of types 1 and 2, respectively. Type 2 products can become donor
substrates for a next cycle (panel II); whether they first diffuse out or stay bound
to the enzyme and shift is currently unclear. The resulting transglycosylation
products are of types 3 and 4. Eventually, all products are mixed isomalto-/
maltooligosaccharides with a-1,6 linked glucosyl units at their non-reducing
end. See also Figures S5 and S6.sequenced 4,6-a-GTs (Figure S7, related to Figure 7) revealed
that in several Lactobacillus strains the 4,6-a-GT gene coexists
with a GS gene.
The two gene products of such pairs show high length and
sequence homology (see below) and are flanked by one or
more transposase genes. This suggests that the 4,6-a-GT/GS
pairs are the result of gene duplication events facilitated by
transposases. A phylogenetic analysis of the catalytic cores (do-
mains A and B) of GH70 and GH13 enzymes (Figure 7) revealed
that the GSs and 4,6-a-GTs are more closely related to each
other than to GH13 members. The GH70 enzymes likely have a
common ancestor that is closely related to and likely evolved
from maltooligosaccharide-processing a-amylases of GH13
subfamily 5; phylogenetically, they are much more distant from
members of GH13 that are active on sucrose (e.g., subfamilies
4 and 18).
In Vivo Experiments
Growth of a fructansucrase-negative mutant of L. reuteri 121
(L. reuteri 35-5) on either sucrose or maltodextrins (containing
5% a-1,6 linkages and 95% a-1,4 linkages) on agar plates re-
sulted in the formation of transparent colonies surrounded by a
slimy halo (Figure 8A); in contrast, growth on glucose did not
yield such halos. Previously, it has been shown that the EPSformed by L. reuteri 35-5 from sucrose is a reuteran containing
both a-1,6 and a-1,4 linkages (van Leeuwen et al., 2008). Nuclear
magnetic resonance (NMR) analysis (Figure 8B) showed that the
polysaccharide present in the halos, derived from the maltodex-
trin-grown cultures, is also a reuteran-like EPS, with 61% a-1,6
linkages and 39% a-1,4 linkages. Size-exclusion chromatog-
raphy (SEC) analysis of the polysaccharides isolated from the ha-
los of plated cultures (Figure 8C) revealed that the synthesized
reuteran-like EPS are approximately of the same size (35 MDa).
In-gel periodic acid-Schiff (PAS) staining of enzymes (Fig-
ure 8D) revealed that, when incubated with sucrose substrate,
the constitutively expressed glucansucrase GtfA (199 kDa) is
associated with reuteran synthesis, in agreement with earlier
studies (van Geel-Schutten et al., 1999; Kralj et al., 2002).
When L. reuteri 35-5 was supplied with maltodextrins, not GtfA
but the 4,6-a-glucanotransferase GtfB was associated with reu-
teran synthesis. When incubated with a mixture of sucrose and
maltodextrins, both GtfA and GtfB are associated with reuteran
synthesis. Notably, L. reuteri 121 genomic data suggest that
the only carbohydrate-acting enzymes larger than 150 kDa are
GtfA and GtfB (Bai et al., 2016a).
DISCUSSION
The crystal structure of L. reuteri 121 GtfB-DNDV shows that its
active-site architecture is intermediate between GH13 a-amy-
lases and GH70 glucansucrases, with an a-amylase-like binding
groove partly covered by long loops forming a tunnel. Phyloge-
netic and genomic analyses suggest that 4,6-a-GTs and GSs
evolved from a common ancestor close to maltooligosacchar-
ide-processing a-amylases of subfamily GH13_5 (Figure 7).
Importantly, the a-amylase binding groove is retained in 4,6-
a-GTs but the reaction specificity has evolved toward a 6-a-spe-
cific transglycosylation activity. A similar evolutionary path has
been proposed for the recently identified GtfC subfamily (Gang-
oiti et al., 2015). Thus, we propose that the 4,6-a-GT functionality
evolved first; further evolution toward GS specificity allowed lac-
tobacilli to synthesize a-glucans from sucrose. The GtfB-DNDV
crystal structure supports this hypothesis and details the accom-
panying structural changes (Figures 1B and 9).
The likely structural determinants of the change in reaction
specificity from hydrolysis (in a-amylases) to transglycosylation
(in 4,6-a-GTs) are the long loops A1 and B that create a tunnel
in GtfB-DNDV (and likely in other 4,6-a-GTs). Although GtfB-
DNDV can bind maltooligosaccharide donor substrates in a
similar way as a-amylases, the observation that all soaking ex-
periments resulted in occupied tunnel subsites (2, 3) sug-
gests that these loops enhance oligosaccharide binding at the
donor side. This idea is further supported by the impaired trans-
glycosylation and polymerization activity of a mutant (T920W)
with a blocked tunnel (Figures S1 and S2, related to Figure 6).
The presence of the tunnel also explains why the enzyme only
processes linear segments of starch and prefers high-amylose
starches as substrate (Leemhuis et al., 2014; Bai et al., 2015,
2016a). Finally, it suggests that 4,6-a-GTs have endolytic
activity, whereby multiple glucosyl units are transferred (Fig-
ure 6). The resulting mixed isomalto-/maltooligosaccharides
can become donor substrates in a next reaction cycle, as
shown by the results of incubating GtfB-DN with a blockedStructure 25, 231–242, February 7, 2017 237
Figure 7. Phylogenetic Tree of Family GH13
and GH70
The bacterial protein sequences were all charac-
terized based on CAZY database (http://www.
cazy.org; Lombard et al., 2014). Domains A
and B of GH70 members were extracted
and rearranged according to the (non-circularly
permuted) GH13 domain arrangement. The GH70
4,6-a-GTs and GSs are closely related to a-amy-
lases from GH13 subfamily 5 (GH13_5), which are
found in Gram-positive bacterial species such
as Streptococcus, Bacillus, and Exigobacterium.
Also, GH70 enzymes are mainly found in Gram-
positive bacteria, supporting our hypothesis about
the evolutionary events leading to their different
specificities. On the other hand, GH70 4,6-
a-GTs and GSs are far from sucrose-acting GH13
enzymes from subfamilies 4 and 18. See also
Figure S7.substrate (Figure S5, related to Figure 6) or withmixed isomalto-/
maltooligosaccharides (Figure S6, related to Figure 6). This
explains the observed product spectrum (Dobruchowska et al.,
2012). The tunnel-forming loops covering donor subsites 2
and 3 may confer processivity to the enzyme (Breyer and Mat-
thews, 2001; van Pouderoyen et al., 2003) by keeping isomalto-/
maltooligosaccharides bound between reaction cycles and in
this way increase the efficiency of polymer synthesis by 4,6-
a-GTs. How the structure of the GtfB-DNDV active site limits hy-
drolytic activity is currently unknown, but earlier in vitro studies
have shown that the enzyme efficiently transglycosylates its sub-
strates and synthesizes polymers with a degree of polymeriza-
tion up to 35 (Leemhuis et al., 2014). In this regard, it will also
be interesting to see the loop architecture in GtfC-type 4,6-
a-GTs; attempts to obtain structural information of these en-
zymes are in progress in our laboratories. On the other hand,
our models for donor/acceptor binding and mutant studies sug-
gest that in addition to the loops, single residues (e.g., Y1055,
K1128, and N1019) also contribute to the ability of the enzyme
to synthesize polymers and to efficiently a-1,6-transglycosylate
its substrates, for example by facilitating the binding of glucosyl
units in an extra orientation (Figure 5). This further supports the
proposed evolution of 4,6-a-GTs from hydrolytic a-amylases.
Further evolution of 4,6-a-GTs to GSs involved a change in
preferred donor substrate (from maltooligosaccharides to
sucrose). Since subsite 1 remained virtually unchanged, we
propose that structural changes in subsite +1 involved residues
Y1055/W1065, K1128/Q1140 (GtfB/GTF180 numbering), and238 Structure 25, 231–242, February 7, 2017small hydrophobic residues from domain
B; these changes affect hydrogen-
bonding capabilities and binding space
for donor substrates, shifting binding
preference from an a-1,4-linked glucosyl
to an a-1,2-linked fructosyl unit. In addi-
tion, elongation and repositioning of loop
A2, blocking donor subsites beyond 1
(Figures 1B and 9), limits transglycosyla-
tion in GSs to single glucosyl units.
Concurrently, loops A1 and B may havebecome shorter because they were no longer needed to cover
donor subsites beyond 1 (Figure 9).
Even though the 4,6-a-GT function can be regarded as an
evolutionary intermediate, the presence of either a single 4,6-
a-GT gene, a single GS gene, or 4,6-a-GT/GS gene pairs (Fig-
ure S7, related to Figure 7), indicates that evolution did not
proceed similarly in all Lactobacillus species. First, the occur-
rence of 4,6-a-GT/GS gene pairs in several species can be ex-
plained by a neofunctionalization model involving duplication
of the ancestral gene (He and Zhang, 2005; Roth et al., 2007).
Indeed, all Lactobacillus GH70 gene pairs have high internal ho-
mology and are flanked by transposase genes that likely facili-
tated the duplication. After duplication, one gene would retain
its 4,6-a-GT specificity and the other one would acquire GS
specificity under the positive constraint of sucrose presence.
Second, the presence of single 4,6-a-GT or GS genes in other
species can be explained by horizontal gene transfer and evolu-
tion of single genes, similar to what has been proposed for GSs
of oral Streptococcus and Leuconostoc species (Fujiwara et al.,
1998; Simpson et al., 1995; Passerini et al., 2015; Hoshino et al.,
2012).
The proposed evolution of carbohydrate-acting enzymes in
oral bacteria involves remarkable changes in product specificity
and substrate specificity. The underlying evolutionary mecha-
nisms are proposed to be driven by constraints such as the
availability of different substrates in the organism’s habitat or
the capability to survive (Qian and Zhang, 2014). Regarding
the evolution of a-amylase/4,6-a-GT/GS enzymes of oral
Figure 8. In Vivo EPS Formation by L. reuteri 35-5
(A) Growth of L. reuteri 35-5 on MRS agar supplemented with different carbon sources, forming slimy (sucrose, maltodextrins) or non-slimy colonies (glucose).
(B) One-dimensional 1H NMR analysis of the EPS extracted from slimy colonies on agar plates with sucrose and maltodextrins showed that their composition is
comparable with respect to glycosidic linkage type (a-1,4 and a-1,6).
(C) SEC analysis of the EPS extracted from slimy colonies on agar plates revealed that the extracellular polysaccharides derived from either sucrose or mal-
todextrins are similar in size distribution (30 MDa). The peak at z18 min in both chromatograms represents the synthesized high molecular mass poly-
saccharides (z35 MDa); the peak at z29 min in the chromatogram of the EPS isolated from the MRS + maltodextrin plate represents large molecular mass
(z5 kDa) maltodextrin substrates simultaneously precipitated by ethanol. Therefore, both NMR and SEC results suggest that providing L. reuteri 35-5 with either
sucrose or maltodextrins as a carbon source results in formation of EPS with a similar linkage and size distribution.
(D) PAS-stained SDS-PAGEgel of whole-cell proteins of L. reuteri 35-5 grown in the presence of either sucrose, sucrose +maltodextrin, ormaltodextrin, revealing
the association of bands corresponding to the molecular weights of either the glucansucrase GtfA (199 kDa) or the 4,6-a-glucanotransferase GtfB (179 kDa) with
the production of sucrose-derived EPS or of maltodextrin-derived EPS, respectively. The minor band at120 kDamay represent an N-terminally truncated form
(GtfA-DN) due to the protein extraction process; however, as reported previously, GtfA-DN synthesizes a reuteran very similar in size distribution and linkage type
to that produced by the full-length enzyme (van Geel-Schutten et al., 1999; Kralj et al., 2002). Adapted from Bai et al. (2016b).bacteria, the most likely driving factors are changes in the car-
bohydrate composition of the human diet over time. Interest-
ingly, the use of refined carbohydrates (including sucrose) for
food production correlates with a sharp increase in the inci-
dence of caries in industrialized countries (Touger-Decker and
van Loveren, 2003). The importance of biofilms for cariogenesis
and the contribution of GS-synthesized a-glucans to biofilm
formation in vivo thus likely links the evolution of GS enzymes
with an increase in dietary sucrose. However, more moderate
and temporary increases in the prevalence of caries have
occurred long before industrialization, when the human diet
consisted of foods containing hardly any sucrose but was
rich in starch (Yudkin, 1967; Ganzle and Follador, 2012). We
recently showed that several L. reuteri strains utilize starch-
derived maltodextrins to synthesize a-glucans in vivo, and
that the responsible enzyme is a 4,6-a-GT such as GtfB (Bai
et al., 2016a) (Figure 8). We propose that the 4,6-a-GT
enzymes evolved when during relatively affluent times staple
foods were subjected to cooking, a process that makes
the starch components more susceptible to amylolytic break-
down (Lingstrom et al., 2000), and that this promoted the
evolution of enzymes able to use the resulting oligosaccharidefragments, from already existing starch-processing a-amy-
lases, as substrates (Figure 7). The 4,6-a-GT activity enabled
the bacteria to synthesize extracellular polymers with a-1,6-
linkages resistant to oral a-amylases, and to form biofilms
that promoted cariogenesis. We propose that further evolution
toward GS activity occurred under the positive selection of
a widespread consumption of sucrose, facilitating a-glucan
synthesis from a simpler substrate and, as suggested by kinetic
data, also enhancing the catalytic efficiency (Kralj et al., 2005;
Newton et al., 2015). Thus, as shown by our in vivo experiments
(Figure 8), L. reuteri strains with 4,6-a-GT/GS gene pairs have
an additional advantage of being able to synthesize a-glucans
from both starch-derived maltooligosaccharides and sucrose.
Thus, the crystal structure of GtfB-DNDV clearly suggests that
the GH70 4,6-a-glucanotransferase subfamily is intermediate in
the evolution of glucansucrases from a-amylases, and phyloge-
netic and genomic analysis further supports this finding. The
unique active-site architecture of GtfB-DNDV reveals how,
evolving from starch-processing a-amylases, the elongation
and repositioning of three loops facilitates the transglycosylation
of starch-derivedmaltooligosaccharides by4,6-a-GTs.Evolution
toward the different substrate specificity observed in GSs likelyStructure 25, 231–242, February 7, 2017 239
Figure 9. Evolutionary Relationships between a-Amylases, 4,6-a-Glucanotransferases, and Glucansucrases
The catalytic site for cleavage and transglycosylation (traingles) is between subsites 1 and +1. The a-amylases that process maltooligosaccharides (MOS;
squares represent glucose units) have an open binding groove with multiple donor and acceptor subsites; they lack loops A1 and B, and are unable to synthesize
polysaccharides (PS). The 4,6-a-glucanotransferases acquired this capability via elongation of loops B and A1 forming a tunnel at the donor half of the groove,
allowing them to capture better the intermediate for subsequent transglycosylation and thus shift their product specificity toward glucan polysaccharides.
Subsequently, a shift in substrate specificity was obtained by elongation of loop A2, which blocks donor subsites beyond1, and by changes in subsite +1; loops
A1 and B became shorter and in this way, glucansucrases acquired the capability to utilize sucrose (the circle represents a fructose unit) for the synthesis of
glucan polysaccharides. The more open architecture of the GS active site may explain their ability to form branched a-glucans whereas the 4,6-a-GTs, due to
the tunnel, only synthesize linear ones.was accompanied by further changes in the same loops as well
as in acceptor subsite +1. Importantly, in vivo not only GSs but
also 4,6-a-GTs contribute to a-glucan synthesis in L. reuteri.
This suggests that biofilm formation by oral bacteria, and the
prevalence of dental caries, is related not only to the intake of di-
etary sucrose but also to that of starch and starch-derived oligo-
saccharides. We propose that dietary changes involving starch
and sucrose intake were important factors during the evolution
of 4,6-a-GTs and (later) GSs from a-amylases, allowing the bac-
teria to produce extracellular polymers from different substrates.
EXPERIMENTAL PROCEDURES
Details of experimental procedures and program references can be found in
Supplemental Experimental Procedures.
Cloning, Truncation and Site-Directed Mutagenesis, Expression,
Purification, and Characterization
The truncation strategy, cloning, and mutagenesis of gtfB-DN and gtfB-DNDV
are described in Supplemental Experimental Procedures. Expression and
purification of GtfB-DN was performed as described by Bai et al. (2015);
expression and purification of GtfB-DNDV and its mutants followed a similar
procedure with a modification. Details of enzyme characterization are given
in Supplemental Experimental Procedures.
Crystallization, Soaking Experiments, and Data Collection
GtfB-DNDV was crystallized by the hanging-drop vapor diffusion method and
amicroseeding protocol. For soaking experiments, the stabilizing solution was
supplemented with 50 mMmaltohexaose (10 min, wild-type GtfB-DNDV crys-
tals) or 100mMmaltopentaose (8 min, GtfB-DNDV D1015N crystals). Datasets
were collected at the European Synchrotron Radiation Facility at beamlines
ID23-2 and ID23-1, respectively, at 100 K; details and processing statistics
are given in Table 1.
Structure Determination
The structure of GtfB-DNDV was determined by molecular replacement using
domains A, B, C, and IV of the crystal structure of L. reuteri 180 GTF180-DN
(PDB: 3KLK; Vujicic-Zagar et al., 2010) as a search model (sequence identity =240 Structure 25, 231–242, February 7, 201739.6%), and refined by alternating cycles of restrained refinement with
REFMAC5 (Murshudov et al., 1997) and model building with Coot (Emsley
et al., 2010). The asymmetric unit contained twomolecules of GtfB-DNDV (Fig-
ure 1A). Coordinates and structure factors have been deposited at the PDB
(PDB: 5JBD, wild-type native; 5JBE, wild-type maltohexaose soak; 5JBF,
D1015N maltopentaose soak).
Modeling and Docking
Wemodeled donor substrate binding and acceptor substrate binding (panose)
to a covalent glucosyl-enzyme intermediate in GtfB-DNDV by using related
structures of a-amylases, a cyclodextrin glycosyltransferase, and glucansu-
crases. The results are shown in Figures 5A and 5B, respectively.
Genomic Mapping and Phylogenetic Analysis
The location of the genes encoding 4,6-a-GT and GS proteins from L. reuteri
strains were obtained based on the graphics data in the NCBI database. We
analyzed the phylogenetic relation between all bacterial GH13 and GH70
enzymes; for the latter, domains A and B were rearranged to ‘‘correct’’ for
the circular permutation of the (b/a)8 barrel (BNAN$$$ACBC/ACBCBNAN; the
subscript denotes either the N- or C-terminal segment). The rearranged
GH70 sequences were then included in the alignment of all characterized
GH13 members classified into subfamilies. Homologs of full-length GtfB
were searched using Protein-BLAST in the NCBI (http://www.ncbi.nlm.nih.
gov) and UniProtKB (http://www.uniprot.org) databases.
In Vivo Experiments
Growth conditions of plate-grown L. reuteri are described in Supplemental
Experimental Procedures. Whole-cell proteins produced by L. reuteri
were extracted and analyzed by SDS-PAGE; the EPS-producing enzymes
herein were identified using an activity staining method (PAS). The
EPS produced in the cultures were extracted and analyzed by enzymatic
hydrolysis, monosaccharide analysis using high-performance anion-
exchange chromatography, SEC, NMR spectroscopy, and thin-layer
chromatography.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.str.2016.11.023.
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